Human induced pluripotent stem (iPS) cell-derived neurons and astrocytes are attractive cellular tools for nervous system disease modeling and drug screening. Optimal utilization of these tools requires differentiation protocols that efficiently generate functional cell phenotypes in vitro. As nervous system function is dependent on networked neuronal activity involving both neuronal and astrocytic synaptic functions, we examined astrocyte effects on the functional maturation of neurons from human iPS cell-derived neural stem cells (NSCs). We first demonstrate human iPS cellderived NSCs can be rapidly differentiated in culture to either neurons or astrocytes with characteristic cellular, molecular and physiological features. Although differentiated neurons were capable of firing multiple action potentials (APs), few cells developed spontaneous electrical activity in culture. We show spontaneous electrical activity was significantly increased by neuronal differentiation of human NSCs on feeder layers of neonatal mouse cortical astrocytes. In contrast, co-culture on feeder layers of isogenic human iPS cell-derived astrocytes had no positive effect on spontaneous neuronal activity. Spontaneous electrical activity was dependent on glutamate receptor-channel function and occurred without changes in I Na , I K , V m , and AP properties of iPS cell-derived neurons. These data demonstrate co-culture with neonatal mouse cortical astrocytes but not human isogenic iPS cell-derived astrocytes stimulates glutamatergic synaptic transmission between iPS cell-derived neurons in culture. We present RNA-sequencing data for an immature, fetal-like status of our human iPS cell-derived astrocytes as one possible explanation for their failure to enhance synaptic activity in our co-culture system.
| I N TR ODU C TI ON
The ability to reprogram somatic cells to an induced pluripotent stem (iPS) cell state (Takahashi et al., 2007) has created new cellular tools for disease modeling, drug screening and transplantation studies. iPS cell approaches have been especially productive in neuroscience research.
iPS cell modeling of neurodegenerative diseases has provided proof-ofconcept data on the genetic correction of cellular disease phenotypes in Amyotrophic Lateral Sclerosis, Huntington's disease, Parkinson's disease, Spinal Muscular Atrophy and Tauopathy disease Chen et al., 2014b; Corti et al., 2012; Fong et al., 2013; Kiskinis et al., 2014) among others, and iPS cells have revealed novel cellular pathologies in neurodevelopmental and neuropsychiatric disorders (Chen et al., 2014a; Wen et al., 2014; Yoon et al., 2014) . In screening strategies, iPS cells offer a limitless resource for cell based phenotypic assays (Almeida et al., 2012; Efthymiou et al., 2014; Hoing et al., 2012; Kaufmann et al., 2015; Malik et al., 2014; Niedringhaus et al., 2015; Thorne et al., 2016; Yang et al., 2013) . And when transplanted, iPS cells have produced promising therapeutic effects in animal models of neurodegenerative disease (Emborg et al., 2013; Kondo et al., 2014) and acute brain trauma (Eckert et al., 2015) .
Neuronal differentiation of reprogrammed somatic cells is achieved through the neuralization of iPS cells and the specification of neuronal fate, cell cycle exit and the maturation of morphological and physiological features associated with mature neurons. iPS cell models of neurodegenerative diseases support accelerated rates of neuronal differentiation in vitro when compared with in vivo. Disease-associated cellular abnormalities that may take decades to develop in patients are detected within weeks in cell culture models. Advances in iPS cell protocols have further accelerated the timeline and efficiency of neuronal commitment by iPS cells (Yan et al., 2013) . However, despite the rapid onset of neuritogenesis and the expression of multiple neuron-specific cell marker proteins used to track neuronal differentiation in culture, the later stages of neuronal differentiation remain difficult to control and functional development is often limited. iPS cell-derived neurons do not reliably develop spontaneous networked activity in standard serum-free culture conditions without prolonged cell culture in the presence of stimulating factors such as astrocyte feeder layers or astrocyte conditioned media or, as more recently reported, by the use of specialized basal media or the addition of pharmacological modulators of neuronal excitability designed to mimic astrocyte-secreted factors (Bardy et al., 2015; Rushton, Mattis, Svendsen, Allen, & Kemp, 2013; Tang et al., 2013; Telezhkin et al., 2015) .
The enhancement of synaptic activity by astrocytes is well established: astrocytic processes are intimately associated with pre-and post-synaptic structures (Heller & Rusakov, 2015) and astrocytes actively participate in synaptogenesis, synaptic transmission and synaptic plasticity (Nedergaard & Verkhratsky 2012; Papouin, Dunphy, Tolman, Foley, & Haydon, 2017; Ullian, Christopherson, & Barres, 2004; Ullian, Sapperstein, Christopherson, & Barres, 2001) . Astrocytesecreted factors that promote synaptogenesis are thrombospondins (Christopherson et al., 2005) , glypicans GPC4 and GPC6 (Allen et al., 2012) , and SPARC matrix-associated proteins (Kucukdereli et al., 2011) .
In this study we use a commercially available human neural stem cell (NSC) source to differentiate neuronal and astrocyte fates in an effort to mimic the pro-synaptic effects of rodent astrocytes in an isogenic human co-culture setting. These NSCs are derived from a human iPS cell line of reprogrammed CD341 human cord blood cells (Chou et al., 2011) . They can be differentiated to neurons or astrocytes within 2 or 5 weeks respectively and have been used in several neurotoxicology screens (Efthymiou et al., 2014; Malik et al., 2014; Pei et al., 2015) .
Using a combination of electrophysiology, histology and genome-wide expression screening, we provide a temporal framework of gene expression and physiological maturation in human iPS cell-derived neurons.
Our data reveals a rapid acquisition of cellular features and transcriptional programs consistent with networked synaptic activity in culture.
However, patch-clamp recordings revealed minimal spontaneous electrical activity in neurons, despite the development of increased voltageactivated sodium and potassium currents and an increased probability of evoked action potential firing with neuronal differentiation. Astrocyte differentiation was characterized by the expression of cellular and molecular markers of glial cells, by the ability to actively uptake glutamate in culture, and by the non-excitable state of cells in patch-clamp recordings. We next tested the ability of isogenic astrocytes to enhance human neuronal activity in culture. Surprisingly, we show control mouse cortical astrocytes but not isogenic human astrocytes increase synaptic activity in human neurons. Taken together, our data demonstrate the physiological maturation of human iPS cell-derived neurons in vitro is enhanced by mouse primary astrocyte-mediated events that are not replicated by our isogenic iPS cell-derived astrocytes in co-culture. We provide transcriptional evidence to suggest the immature, fetal-like status of our human iPS-cell derived astrocytes could account for their failure to enhance synaptic activity in our co-culture system.
| M A TER I A LS A N D M ETH OD S

| Human iPS cell-derived NSC cell culture
In this study, we use neural stem cells (NSC) derived from the human induced pluripotent stem (iPS) cell line NCRM-1 (Efthymiou et al., 2014; Yan et al., 2013) . NCRM-1 iPS cells were generated in collaboration with the NIH, Sigma-Aldrich and XCell Sciences from CD 341 human cord blood cells by episomal plasmid reprogramming (https:// www.nimhgenetics.org/stem_cells/crm_lines.php). NCRM-1 iPSCs were differentiated to neural stem cells (NSCs) through an embryoid body (EB) method by XCell Sciences. Also used were NCRM-1 NSCs that express a CAG-tdTomato transgene. This line was generated using AAVS1-TALENs to insert a CAG-tdTomato transgene reporter into the AAVS1 safe harbor site of NCRM-1 NSCs (Cerbini et al., 2015) . NSCs were maintained as previously described (Efthymiou et al., 2014) in Neural Stem Cell Medium (NSCM) on Geltrex (Life Technologies) coated plates. NSCM consisted of Neurobasal Medium, GlutaMAX, non-essential amino acids, B27 Supplement (all from Life Technologies, Carlsbad, CA), and 10 ng/ml fibroblast growth factor-2 (FGF2; R&D Systems, Minneapolis, MN). Media was refreshed every other day, and cells were passaged at a 1: 3 ratio once the cells reached 80% confluence.
| Neuronal differentiation
NCRM-1 NSCs were differentiated to neurons as previously described (Efthymiou et al., 2015) . Briefly, NSCs were passaged to 1 3 10 6 cells per well of a 6-well plate. Media was changed to Neuronal Differentiation Medium (NDM) after 24 hr. NDM consisted of DMEM/F12 supplemented with GlutaMAX, 1.8% bovine serum albumin, 1x StemPro hESC Supplement (all from Life Technologies), and 10 ng/ml brainderived neurotrophic factor (BDNF) and 10 ng/ml glial-derived neurotrophic factor (GDNF; both from R&D Systems). After 4 days in NDM, cells were passaged to a density of 1 3 10 4 cells/cm 2 . Neuronal media was changed every 3 days by removing 30% of media and replacing with 50% of new media for the remainder of the differentiation period.
The osmolarity of NDM was 290 mOsmol.
| Astrocyte differentiation
NCRM-1 NSCs were differentiated to astrocytes as previously described (Shaltouki, Peng, Liu, Rao, & Zeng, 2013 StemPro hESC Supplement (all from Life Technologies), 10 ng/ml ActivinA (R&D Systems), 20 ng/ml Heregulin1b (R&D Systems), 10 ng/ml IGF-1 (PeproTech, Rocky Hill, NJ), and 10 ng/ml FGF2 (R&D) supplemented with 1% fetal bovine serum (FBS). Cells were passaged every 4 days at a 1:3 ratio. Cells used for imaging or electrophysiology were passaged to Geltrex-coated coverslips 2 days before immunocytochemistry or recording. Astrocyte fate was confirmed when 100% of the cells were CD441 and 50% of the cells were GFAP1 (between days 35 and 70 in ADM).
| Astrocyte co-cultures
Mouse primary astrocyte feeder layers were generated from the dissected forebrains of neonatal (P0-2) Swiss Webster mice (Taconic Biosciences, Hudson, NY) using a method developed from two published protocols (Albuquerque, Joseph, Choudhury, & MacDermott, 2009; Schwartz & Wilson, 1992) . Following agitation and Cytosine b-Darabinofuranoside (Sigma, St. Louis, MO) enrichment for mouse astrocyte progenitor cells, 5 3 10 4 cells were plated per Geltrex-coated glass coverslip. Isogenic human astrocytes were differentiated from NCRM-1 NSCs as described above and astrocytes were then plated on Geltrex-coated coverslips at a ratio of 8.5 3 10 4 cells per coverslip.
NCRM-1 NSCs were differentiated to neurons as described above. On day 4 of neuronal differentiation, cells were plated onto Geltrex-coated coverslips with or without astrocytes (2-4 days after astrocytes were plated onto coverslips) at 1.5 3 10 5 cells per coverslip. Cells were cultured together in NDM and media was changed every 3 days by removing 30% of media and replacing with 50% of new media. Cells were then collected at neuronal differentiation day 14, 21, or 28 for analysis by immunocytochemistry or electrophysiology.
| Immunocytochemistry
Immunocytochemistry was performed as previously described (Efthymiou et al., 2015) on cells on Geltrex-coated glass coverslips. Cells were washed once with warmed basal medium (DMEM/F12 or Neurobasal Medium) and fixed with 4% paraformaldehyde in DMEM/F12 for 20 min at room temperature or at 48C overnight. Fixed cells were then washed three times with PBS and blocked using a buffer containing 10% normal goat serum (NGS) for 1 hr at room temperature. Primary antibody was diluted in incubation buffer containing 0.1% Triton X-100
in PBS and 1% NGS and incubation was performed at 48C overnight or 2 hr at room temperature. Cells were then washed again with PBS three times and secondary antibody was diluted in incubation buffer.
Secondary antibody incubation was performed for 1 hr at room temperature. Cells were then washed twice with PBS and mounted onto slides with Mowiol and allowed to dry at room temperature overnight before imaging. Alexa fluor-conjugated secondary antibodies (Life Technologies) were used for single and double labeling and all secondary antibodies were tested for specificity. 
| Cell counts and image quantification
All cell counts were recorded from confocal Z stacks 212.55 lm 2 in area taken from the full cell depth of cultures. Counts were recorded from a minimum of 3 biological replicates and all cell numbers are reported as a percentage of the total DAPI stained population. To count the number of TUJ11 cells, cultures were processed for anti-TUJ1 immunocytochemistry at 7, 14, and 21 days NDM culture and DAPI counterstained. Z stacks were captured from three randomly chosen fields of view. Images were de-identified for counting and the number of DAPI stained nuclei surrounded by TUJ1 immunolabeled cell bodies recorded as a fraction of the total DAPI1 cell population 6
SEM.
For anti-MAP2/anti-SV2 image analysis, Z stacks were collected from three randomly chosen field of views and thresholded for anti-MAP2 (channel 1) and anti-SV2 (channel 2) immunosignal. The percent area of the field of view was calculated for MAP2 using image J (FUJI)
as a measure of neurite complexity. Channel 1 was multiplied by channel 2 (FUJ1) to obtain the percent area of anti-MAP2 immunosignal colabeled with anti-SV2. The data is represented as mean percent 6 SEM.
Similarly for anti-TUJ1/anti-VGAT and anti-TUJ1/anti-VGLUT1 image analysis, images were collected from three randomly chosen field of views and thresholded for anti-TUJ1 (channel 1) and anti-VGAT or anti-VGLUT1 (channel 2) immunosignal. Channel 1 was multiplied by channel 2 (FUJI) to obtain the percent area of anti-TUJ1 immunosignal co-labeled with anti-VGAT or anti-VGLUT1. The data is represented as mean percent 6 SEM. For anti-NEUN/DAPI1 cell counts, images were collected from five randomly chosen fields of view and the images deidentified for counting. The number of NEUN immunolabeled nuclei and DAPI stained nuclei were counted using image J (FUJI) and expressed as the NEUN1 fraction of the total DAPI cell population.
For glial cell counts, cultures were processed for CD44, GFAP, S100b, 
| Real-time quantitative reverse transcription PCR (qRT-PCR)
First-strand cDNA was synthesized from 1lg of total RNA using random primer/oligo(dT) primer according to the manufacturer's instructions (ABI, Carlsbad, CA). Synthesized cDNA was diluted to final concentration of 10 ng/ll for qPCR using SYBR Green Master Mix (ABI) on a Thermal cycler C1000 with CFX384 Real time system. Optimum primers were designed using NCBI's Primer BLAST (www.ncbi. Primer specificity was confirmed by verifying a single PCR product had been generated using UV gel electrophoresis, as well as by confirming the melting temperature of the product had a single value on dissociation plots. Relative expression levels were calculated using the Bio-Rad CFX Manager 3.1. software. Briefly, gene expression was 
| Data analysis and statistics
All data is presented as mean 6 standard error of the mean unless otherwise stated. We assumed a Gaussian distribution to datasets and groups were compared using one-way ANOVA with Tukey's multiple comparisons test. In the few datasets with suspected non-Gaussian distribution, groups were additionally compared using Kruskal-Wallis test with Dunn's multiple comparisons test. As one-way ANOVA is a robust test that can tolerate violations to its normality assumption, additional testing using Kruskal-Wallis did not alter the conclusion of the data, although in some instances minor differences in the level of significance were encountered. In one instance, Figure 4g , we felt it necessary to report the difference in significance generated by parametric and non-parametric tests of the data. In all other cases only one-way ANOVA with Tukey's multiple comparisons test findings are reported for consistency and clarity. The data revealed a peak in the development of MAP21 neurites at 14 days NDM culture (Figure 1g) . Similarly, the expression of SV2, VGLUT1 and VGAT synaptic proteins in neurites increases from 7 to 14 days before declining at 21 days NDM culture (Figure 1g ).
Together these data reveal iPS cell-derived NSCs undergo rapid neuronal differentiation that peaks at 14 days NDM culture and that differentiated neurons acquire morphological features consistent with synaptogenesis.
| Progressive increases in voltage-activated channel conductances and induced excitability with neuronal differentiation
To ascertain if our iPS cell-derived neurons are capable of developing functional properties characteristic of neurons, we recorded the elec- It was not possible to determine the inhibitory effects of ligandgated ionotropic receptor channel antagonists on sPSCs because of the very low frequency of these currents at 14 and 21 day NDM culture.
As an alternative, we reasoned neurotransmitter application could provide information on neurotransmitter signaling in our NDM cultures.
Whole-cell patch-clamped cells were either held at 270 mV in voltageclamp, or small current injected to drive the V m to 270 mV under current-clamp before bath application of 1 mM glutamate for approximately one minute. Glutamate application elicited responses (inward current or membrane depolarization) in 11 of 16 cells -see Figure 2h for representative traces from current-and voltage-clamp recordings.
Glutamate evoked a 120.9 6 4.3 mV change in membrane potential properties in NDM culture that correlate with an increased probability of evoked AP firing. These properties peak at 14 days NDM culture.
However, despite the sensitivity of iPS cell-derived neurons to exogenous glutamate, the majority of cells do not develop spontaneous network activity when grown in basic serum-free NDM culture conditions. In an effort to identify the positional cell fate characteristics of iPS cell-derived neurons in our culture conditions, we performed tissue gene set analysis between NSCs and NSCs cultured for 4-14 days in NDM ( Table 2 ). The analysis revealed a highly significant enrichment for brain, fetal brain and amygdala tissue gene sets with neuronal differentiation. In contrast, undifferentiated NSCs are enriched for placental and skin tissue gene sets suggesting a 3.4 | iPS cell-derived NSCs cultured in astrocyte differentiation conditions express multiple glial markers, acquire physiological properties distinct from neurons and uptake glutamate
We are interested in the effects of astrocyte co-culture on iPS cell neuronal differentiation. In order to develop an isogenic human astrocyte source for testing, we generated astrocytes from NCRM-1
NSCs using an astrocyte differentiation protocol developed by Shaltouki and colleagues (Shaltouki et al., 2013) . iPS cell-derived NSCs To confirm iPS cell-derived NSCs grown in ADM are electrophysiologically distinct from those grown in NDM, we performed wholecell patch-clamp recordings of day 34-42 astrocytes. We detected sodium currents in 19/42 and potassium currents in 26/42 NCRM-1 astrocytes, lower ratios than detected in neurons. Both current densities were significantly smaller in size (P < .0001) than I Na and I K recorded from our iPS cell-derived neurons (Figure 4c, d ). Resting membrane potential was significantly more hyperpolarized (P < .0001, Figure 4e ) and the membrane resistance significantly lower in astrocytes compared with neurons (P < .0001, Figure 4f ). Mean cell membrane capacitance was not significantly higher in astrocytes than in neurons when analyzed by one-way ANOVA but non-parametric analysis using the Kruskal-Wallis test gives a significantly higher value in astrocytes (P < .05, Figure 4g ). Importantly, depolarization evoked AP firing in only 1/42 cells recorded from astrocyte cultures confirming ADM culture conditions do not drive cell excitability associated with neuronal fate. Together these data demonstrate iPS cell-derived astrocytes express multiple glial markers and acquire electrophysiological properties distinct from iPS cell-derived neurons in our culture conditions.
We next asked if iPS cell-derived astrocytes exhibited homeostatic features characteristic of primary rodent astrocyte cultures. Astrocytes are the primary homeostatic regulator of extracellular glutamate concentrations in the CNS through the uptake of glutamate by highaffinity sodium-dependent transporters EAAT1 and EAAT2 (Anderson & Swanson, 2000) . Astrogliosis, a reactive astrocytic state linked to neuropathological conditions (Burda & Sofroniew, 2014) impairs glutamate homeostasis by astrocytes (Robel et al., 2015) and both glutamate uptake and its inhibition by neuroinflammatory molecules can be modeled in primary astrocyte cultures (Tilleux & Hermans, 2007) . To determine if iPS cell-derived astrocytes replicate these properties, we measured glutamate uptake in normal and neuroinflammatory ADM cell culture conditions. iPS cell-derived astrocytes were cultured for 7 days in ADM in the presence of the pro-inflammatory cytokine TNFa or vehicle control and glutamate uptake measured by colorimetric assay. The data revealed robust glutamate uptake in control iPS cellderived astrocytes that was impaired in a dose-dependent manner by chronic TNFa treatment (Figure 4h) . Phosphorylation of the transcription factor NF-jB and phospho-NF-jB nuclear localization are key signaling events in neuroinflammatory gene expression. Accordingly, western blot revealed a dose-dependent increase in NF-jB phosphorylation with TNFa treatment (Figure 4i ) and immunocytochemistry revealed increased NF-jB nuclear localization in astrocyte cultures treated with the highest 100 ng/ml TNFa dose (Figure 4j ). Combined, these data reveal iPS cell-derived astrocytes actively uptake glutamate in vitro and that neuroinflammatory culture conditions activate NF-jB signaling and impair glutamate uptake in these cells, as has been reported for rodent primary astrocyte cultures (Tilleux & Hermans, 2007) .
We then performed transcriptome profiling of NSCs cultured 34- One-way ANOVA with Tukey's multiple comparisons test reveals significant differences between astrocytes and neurons, ****P < .0001. Kruskal-Wallis non-parametric test reveals a significantly (*P < .05) higher cell capacitance in astrocytes compared with neurons. (h) Glutamate uptake by iPS-cell derived astrocytes in culture is inhibited by TNFa in a dose-dependent manner (n 5 3). (I and j) TNFa increases Ser536 phosphorylation and nuclear localization of NF-jB in cultured iPS-cell derived astrocytes (n 5 3). Scale bars 5 20 lm. ****P < .0001, ***P < .001, *P < .05, one-way ANOVA with Tukey's multiple comparisons test [Color figure can be viewed at wileyonlinelibrary.com] channel activity ( Figure 5d and Table 3 ). Significantly GO revealed ADM culture resulted in a corresponding downregulation of weakly expressed transcripts with functions in synaptic transmission ( Figure 5e and Table 4 ), neuronal differentiation ( Figure 5f and Table 4 ) and axon guidance ( Figure 5g and Table 4) 3.5 | Co-culture on mouse primary but not isogenic human astrocyte feeder layers enhances the physiological maturation of human iPS cell-derived neurons RNA-seq data suggests a transcriptional capacity for synaptogenesis and network activity in our iPS cell-derived neurons that fails to develop in our basic NDM culture conditions. It is well established that rodent primary astrocyte feeder layers or astrocyte-conditioned medium enhance the physiological maturation of iPS cell-derived neurons in culture (Nicholas et al., 2013; Rushton et al., 2013; Tang et al. , NSCs that express a CMV-tdTomato transgene inserted into the AAVS1 safe harbor site using TALEN technology (Cerbini et al., 2015) . Immunolabeling at 10 days co-culture (14 days in NDM) confirmed tdTomato epifluorescent cells were labeled by TUJ1 but not GFAP antibodies and that non-epifluorescent cells expressed GFAP expression and exhibited glial morphology, (Supporting Information, Figure S1b ), results consistent with iPS cell-derived astrocytes and neurons maintaining their cellspecific features in co-culture.
To determine the effects of astrocyte feeder layers on the functional maturation of neurons, NSCs were grown in NDM for 4 days, passaged onto astrocyte feeder layers and the co-cultures maintained in NDM for up to 28 days for analysis. For controls, iPS cell-derived
NSCs from the same passage were cultured in basic NDM culture conditions for equivalent durations (referred to as mono-cultures). Immunocytochemistry screening at 14 days NDM culture confirms iPS cellderived neurons form extensive TUJ1 immunoreactive neurite networks over mouse and human GFAP labeled astrocyte layers ( Figure   6a ). At this stage, there is no qualitative difference in the density of TUJ11 neurons between astrocyte co-culture and mono-culture controls. However, at longer time points in NDM culture (e.g., 21-28 days)
there is a substantial reduction in the neuronal density of control mono-cultures (Figure 6b,c) . Only a few isolated clusters of immunola- We next compared the electrophysiological properties of neurons by patch-clamp recording. Cells were chosen for recording as stated previously and recorded at 14, 21, or 28 days NDM culture. These recordings did not reveal significant differences in I Na or I K current densities between neurons cultured in control or astrocyte co-culture conditions over time (Supporting Information, Figure S2a,b ). An analysis of the current-voltage relationship of sodium channels revealed minor differences between culture types that were not consistent over time in NDM culture, arguing against any specific feeder layer effects on voltage-gated Na1 channels kinetics (Supporting Information, Figure   S2c ). Next, we compared passive cell membrane properties between neurons cultured in control or astrocyte feeder layer conditions. This analysis revealed similarly minor, inconsistent differences between culture groups suggesting astrocyte co-culture did not affect the passive cell membrane properties of neurons (Supporting Information, Figure S3 ).
Evoked APs were detected in a majority of cells recorded at 14, 21, and 28 days NDM culture (Figure 6e ). At 14 days NDM, the percent of evoked APs did not differ between culture conditions. However at longer NDM culture durations there is a small increase in the percent of evoked APs in mouse astrocyte feeder layer cultures when compared with controls. In contrast, the percent declines slightly in human At 21 days NDM the difference between mouse and human astrocyte feeder layers was approaching significance (P 5 .087, v 2 test). v 2 analysis of the proportion of evoked APs that were multi-peak did not reveal any significant difference between all three culture conditions. However, one-to-one comparisons did reveal a significant decrease in multipeak APs in human astrocyte feeder cultures when compared separately to controls (P < .05) or mouse astrocyte feeder layer cultures (P < .05) at 21 days NDM (Figure 6e) . Overall, the data demonstrates cultures grown on mouse astrocyte feeder layers or mono-cultured controls possess equivalent single and repetitive AP firing frequencies. Lastly, we sought a possible explanation for the inability of isogenic human astrocyte feeder layers to drive synaptic function in co-cultured human neurons. We speculated one explanation could be iPS cellderived astrocytes did not reach a sufficient maturational state in culture to promote synaptogenesis. To assess the maturation status of our iPS cell-derived astrocytes, we compared transcript abundance levels for candidate marker genes identified as differential between astrocyte precursor cells (APCs) and mature astrocytes isolated from fetal (17-20
The transcriptional profile for human astrocyte maturation status supports an immature astrocyte progenitor cell (APC) status for iPS cell-derived astrocytes in culture. Supervised mRNA sequencing analysis of differentiated astrocyte transcriptomes for candidate marker genes between fetal APC and mature astrocytes was conducted by log transformation of absolute abundance counts and supervised clustering by expression level (highest absolute expression at the indicated midline of heatmap). Absolute expression density for transcripts of fetal APC versus mature astrocyte marker genes demonstrates over-representation of expressed marker genes for a fetal APC maturation status [Color figure can be viewed at wileyonlinelibrary.com] gestational weeks) and postnatal human brain tissue respectively (Zhang et al., 2016) . High absolute gene expression levels for candidate markers of fetal, proliferative APCs were significantly overrepresented in our iPS cell-derived astrocytes as compared with mature postmitotic astrocytes (See Figure 7 , P value 5 7.7e-05). For candidate APC markers, 8 of 12 genes were expressed at median or greater expression, while only 2 of 17 genes were robustly expressed within the candidate mature astrocyte marker set. These findings favor a predominantly APC status of our iPS cell-derived astrocytes and support the hypothesis that they do not mature to a pro-synaptic astrocyte state in our ADM culture conditions.
| D I SCUSSION
The iPS cell-derived NSCs used in this study were generated from CD341 human cord blood cells by episomal plasmid reprogramming (Chou et al., 2011) and differentiated to neural stem cells (NSCs)
through an embryoid body (EB) method (Swistowski et al., 2009) NCRM-1/XCL-1 NSCs are considered positionally naïve NSCs that can be rapidly differentiated to neurons (Yan et al., 2013) or astrocytes (Shaltouki et al., 2013) . Although these NSCs have been used in several neurotoxicology screens (Efthymiou et al., 2014; Malik et al., 2014; Pei et al., 2015) , the identification of cell fate has relied on the expression of cellular and molecular markers that give little indication of functional state. To address this gap in knowledge, we combined cell marker and RNA deep sequencing (RNA-seq) data with whole-cell patch-clamp recordings of basic electrophysiological properties to generate a temporal profile of neuronal state and function. Using these findings as a template, we then compared astrocyte effects on the functional maturation of NCRM-1/XCL-1 neurons in culture.
Combined our data revealed NDM culture conditions differentiated NSCs to glutamatergic projection-like neurons with a predominantly telencephalic-like gene expression signature. Although a majority of our human iPS cell-derived neurons were able to generate evoked APs under basic culture conditions from 14 to 28 days NDM culture, sPSCs were recorded in only a small minority of cells at equivalent time points. This suggests that although AP-sufficient I Na and I K sizes were established in a majority of cells by 14 days NDM culture, this was insufficient to drive spontaneous activity in a majority of cells.
These findings mirror reported functional deficits in human iPS cellderived neurons differentiated under basic serum-free conditions (Bradford & McNutt, 2015) . Astrocyte co-culture did not increase AP firing complexity in our study. In fact, overall our patch-clamp data revealed slight decreases in AP firing frequency and complexity in human astrocyte co-cultures when compared with controls. We offer two possible explanation for this. The first is that human astrocyte coculture recording datasets include cells initially differentiated to astrocytes that have either assumed neuronal-like morphology or dedifferentiated to immature neurons in NDM culture. The second explanation is that increased neuronal survival on human astrocyte feeder layers rescues immature functional neurons that are lost at longer time-points in control mono-culture conditions (although we cannot explain why a similar sparing of immature neurons would not be reflected in our recordings from mouse astrocyte co-cultures).
In agreement with previous human stem cell studies (Johnson, Weick, Pearce, & Zhang, 2007; Odawara, Saitoh, Alhebshi, Gotoh, & Suzuki, 2014) , co-culturing human iPS cell-derived neurons on neonatal mouse astrocyte feeder layers enhanced spontaneous neuronal activity in our NDM culture conditions. In contrast, co-culture on isogenic human iPS cell-derived astrocyte feeder layers did not have a positive effect on spontaneous neuronal activity. This result was unexpected based on reported pro-synaptic effects of both rodent and human astrocyte co-culture on human neurons (Liddelow et al., 2017; Odawara et al., 2014; Rushton et al., 2013; Tang et al., 2013) . One possible explanation for the lack of pro-synaptic effects from co-cultured human iPS-cell derived astrocytes is that iPS cell-derived astrocytes did not reach a sufficient pro-synaptic maturational state in culture. This hypothesis was supported by bioinformatics comparisons to fetal and mature human astrocyte datasets (Zhang et al., 2016) Another possible explanation for the lack of pro-synaptic effects of human iPS-cell derived astrocytes is that these cells acquire a neurotoxic reactive astrocyte state in our culture conditions. Serum proteins are known to induce a reactive astrocyte state (Sofroniew, 2015) and our ADM includes both low levels of 1% FBS and 1.6% BSA. FBS is not present in NDM used in co-cultures but 1.8% BSA is. In addition, astrocyte screening is based on the expression of a panel of glial cell markers such as GFAP that are notably upregulated in reactive astrocytes. The concept of astrocyte cultures representing a reactive, non-resting astrocyte state is supported by RNA-seq profiling of neonatal mouse astrocyte cultures and lipopolysaccharide (LPS)-induced reactive astrocytes acutely isolated from mice (Zamanian et al., 2012 ) that demonstrates astrocyte cultures share many aspects of the reactive astrocyte phenotype. Indeed, based on comparative RNA-seq profiling these authors concluded cultured astroglia do not represent the same cell type as in vivo astrocytes, but instead represent an astrocyte-like cell type (Zamanian et al., 2012) . Notably, the pro-synaptic effects of coculturing astrocytes acutely isolated from human brain were significantly reduced when these cells were stimulated to a reactive state (Liddelow et al., 2017) . Our neonatal mouse astrocyte feeder layers are prepared using a modified classical astrocyte culture method (Albuquerque et al., 2009; Schwartz & Wilson, 1992) and are therefore expected to generate a reactive, astrocyte-like cell type. Thus both mouse and human astrocyte feeder layers used in this study could be described as reactive and/or astrocyte-like and yet mouse but not human astrocyte co-culture resulted in a significant enhancement of synaptic activity.
The increase in sPSC frequency with mouse astrocyte co-culture occurred without changes in the basic biophysical cell properties of neurons or with changes in I Na and I K features associated with increased neuronal excitability. The ability of rodent astrocyte conditioned media (ACM) to enhance spontaneous activity in human iPS cell-derived neurons has been reported to be independent of I Na and I K properties in human iPS cell-derived neurons, but ACM did significantly hyperpolarize V m in neurons in this study (Rushton et al., 2013) . Significantly, the ability of ACM to lower the resting potential was considered critical to the development of spontaneous electrical activity in culture by removing voltage-dependent inactivation of sodium channels at resting (Rushton et al., 2013) . Although we observed a significant decrease of V m at 14 days NDM culture with mouse astrocyte coculture, this difference was not sustained and V m was comparable between control and mouse astrocyte feeder layer cultures at 21 and 28 days NDM culture, the time-points at which we observe the greater frequency of spontaneous currents. We are unclear why we do not see a relationship between V m hyperpolarization and spontaneous electrical activity in iPS-cell derived neurons but one possible confounding factor could be the recently reported depolarizing influence of DMEM/F12 media (Bardy et al., 2015) used in our NDM (see later discussion).
Interestingly, ACM effects on spontaneous activity and V m can be mimicked by increasing extracellular Ca 21 or GABA concentrations in basic serum-free culture conditions or by the pharmacological opening of Ca 21 channels (Rushton et al., 2013) . These effects occurred during the first but not second week of neuronal differentiation during which GABA acts as a stimulus for Ca 21 influx through GABA A receptordependent depolarization. The switch from GABA A receptor-mediated excitation to inhibition in neurons is governed by changes in the chloride equilibrium potential established by the developmental downregulation of NKCC1 and upregulation of KCC2 chloride transporters (BenAri, 2002; Blaesse et al., 2009; Ganguly et al., 2001) . The maturation of the GABA A receptor chloride current and concomitant shift in NKCC1
and KCC2 expression has been demonstrated in human iPS cell-derived neurons (Livesey et al., 2014) and RNA-seq similarly revealed a developmental switch in NKCC1 and KCC2 expression in our iPS cell-derived neurons. However, RNA-seq also revealed negligible transcript levels for all GABA A receptor subunit genes with the exception of GABRB3 in differentiating neurons. Thus it is unlikely functional heteromeric GABA A -receptor channels drive the physiological maturation of our iPS cells, although we cannot rule out the possibility that mouse astrocyte co-culture upregulates GABA A receptor subunit gene expression.
Lastly, although harnessing the physiological effects of astrocytes on neuronal activity is a promising approach to increasing network function in human neuronal cultures, an elegant study highlights the importance of optimal media conditions for activity. This study, conducted in both human iPS cell-derived neurons and neurons produced by direct NEUROG2/ASCL1-mediated human fibroblast conversion, revealed classic basal media such as DMEM/F12 and Neurobasal impaired AP generation and synaptogenesis (Bardy et al., 2015) . In the case of DMEM/F12, the basal constituent of our NDM, the authors revealed a consistent depolarizing effect on V m . Furthermore, neuroactive amino acids present in DMEM/F12 were shown to result in large depolarizing Na 1 and Cl -influxes that impaired AP propagation and synaptic communication. Thus it is possible DMEM/F12-mediated effects contributed to the absence of more mature neuronal features such as high frequency repetitive AP firing and spontaneous electrical activity in our NDM cultures. Interestingly Bardy et al. (2015) revealed inhibitory effects on neuronal activity were reversed by replacing the basal media with a more physiological solution -neuronal activity could be restored within a few days incubation in physiological media.
Although we transferred our cultures to the more physiological modified Ringer's solution for recording, we speculate the 2 hr recording incubation is too short to reverse DMEM/F12 culture effects on neuronal activity in our cultures. Of note, this same research group followed up their media study with a single-cell transcriptomics screen for molecular signatures predictive of the physiological state of human iPS cell-derived neurons (Bardy et al., 2016) . This approach identified GDAP1L1 as a novel marker for highly functional neurons. Notably, GDAP1L1 was progressively upregulated with neuronal differentiation in our basic NDM culture conditions, increasing 5.2 fold from NSCs to day 14 neurons.
In summary, NCRM-1/XCL-1 iPS cell-derived NSCs can be rapidly differentiated to isogenic neurons and astrocytes from cryopreserved NSC stocks using basic culture conditions. However, the advantages of simple cryo-recovery and accelerated cell differentiation are mitigated by the relatively immature functional development in these culture conditions. We show neonatal mouse astrocyte but not isogenic human astrocyte feeder layers increase the functional maturation of NCRM-1/XCL-1 cell-derived neurons in culture. We present transcriptional evidence for an immature APC state in our iPS cell-derived astrocytes that could account for their inability to promote human synaptic activity in co-culture. Our data highlights the importance of developing reliable markers of mature functional end-states in human stem cellderived glial and neuronal populations for their successful use in disease modeling and drug screening.
